Abstract-This paper presents a dual-frequency electric-magnetic-electric (EME) microstrip exhibiting two leaky-wave regions of similar radiation characteristics like the microstrip 1 mode. The EME microstrip incorporates a photonic bandgap (PBG) structure, which is a two-dimensional array consisting of unit cell made of coupled coils connected by a via. The PBG structure employed in the EME prototype conducts at dc and shows the first stopband between 8.8-12.4 GHz, thus rendering the so-called magnetic surface. The EME microstrip is essentially made by substituting the PBG cells for the metal strip of a conventional microstrip. The finite-element method (FEM) analyses of the PBG structure show that the first and second modes are TM-like and TEM-like, respectively. The latter is leaky between 12.4-12.9 GHz and is found to be responsible for the second leaky region of the EME microstrip. The dispersion characteristics of the EME microstrip are obtained by two theoretical methods, namely, the matrix-pencil method and the FEM. Both show excellent agreement in the two leaky regions. Furthermore, the measured far-field radiation patterns of the two leaky regions also validate the dispersion curves. The first leaky region is of 1 type and between 5.05-5.45 GHz. The second leaky region radiates a frequency-scanning fan beam between 11.95-13.0 GHz, similar to those of the 1 mode. Detailed modal current analyses show even and odd symmetry along longitudinal and transverse plane of EME microstrip, respectively, further confirming the two leaky regions behave like the well-known 1 leaky mode. The proposed EME microstrip enriches the modal characteristics of the conventional, uniform microstrip and is thus a manifestation of application of PBG structure for new guiding device.
I. INTRODUCTION

P
HOTONIC bandgap (PBG) structures are artificially engineered two-or three-dimensionally periodic structures. Although early research focused on the optical field [1] , [2] , PBG structures are readily scaleable and applicable to a broad range of frequencies, including those of microwaves and millimeter waves. Electromagnetic waves that propagate in artificial, multidimensional periodic structures resemble electron waves that propagate in natural crystals. These materials can prevent the omnidirectional propagation of electromagnetic waves within certain frequency bands and exhibit passbands and stopbands for either guided waves along transmission lines or surface waves in dielectric substrates [3] - [15] . PBG structures also exhibit two distinctive physical features. First, PBG structures typically consist of continuous metal and dc current conducted therein and can induce a magnetic surface (MS) at a forbidden frequency band. In the stopband, the tangential magnetic field is weak, even with a large electric field along the surface, and the surface impedance is very high. Such a structure is occasionally called a high impedance surface or an MS. In contrast to normal conductors, a high impedance surface can effectively suppress the propagation of surface waves and reflect electromagnetic waves without reversing their phase [5] , [6] . Second, PBG cells or periodic devices latticed on the ground plane of a microstrip structure exhibit great versatility in controlling the dispersion characteristics of electromagnetic waves. Not only does the passband forbid wave propagating in the stopband, but the passband of the microstrip PBG structures display the slow-wave effect and has been used to reduce the dimensions of circuits. Moreover, the broad stopband characteristics have been applied to effectively suppress spurious transmission in the passband of filters and leakage from guided-wave structures [7] - [9] . The feasibility of applying PBG phenomena to both the optical and the microwave/millimeter-wave domains for industrial use has been extensively investigated [3] - [15] . PBG structures have attracted much interest among microwave engineers, primarily owing to their potential applications in several important areas such as microwave antennas, compact spurious-free filters, and frequency-selective surfaces (FSSs). For example, a uniplanar compact photonic bandgap (UC-PBG) structure was invented and its applications have proliferated in various fields of microwave engineering [6] - [10] . The gain of a microstrip antenna can be considerably increased by using a PBG layer as a substrate or by latticing PBG cells on the ground plane [8] , [12] . A high impedance ground plane has been developed using metal plates with vertical vias [5] . Instead of latticing PBG cells on the ground plane of the microstrip structure, we place new PBG cells on the signal line to develop a new microstrip structure. This microstrip structure maintains the slow-wave effect and stopband characteristics. The dispersion characteristics of the PBG structure could be adjusted through changing the cell numbers along the transverse plane on the strip or tuning the dimensions of the PBG cells. The new PBG cells exhibit a high-impedance-surface state in a certain frequency band and behave like an MS by reflecting the incoming electromagnetic wave without reversing its phase. Electric surface and MS alternate transversely on the signal line, thus forming an electric-magnetic-electric (EME) microstrip, as shown in Fig. 1(a) . Fig. 1(b) shows the expanded view of the unit cell incorporated in the EME microstrip. Detailed design information of the unit cell is available in [9] - [11] . The unit cell consists of a high-impedance surface made of coupled inductors connected by a via, a substrate of thickness 0.203 mm and relative dielectric constant of 3.38, and a conducting uniform ground plane. The EME microstrip exhibits low-loss slow-wave bound mode propagation [9] , [10] . The dispersion characteristics of the EME microstrip at zeroth order and first order, named the bound and leaky modes, have been reported in [11] . A reduced-size EME parallel coupled band-pass filter with suppressed spurious responses had been reported in a very similar way to the filter made of coupled microstrips on UC-PBG ground plane [7] , [9] .
Replacing the signal strip by the proposed PBG cells, the propagation characteristics of EME microstrip are enriched by the additional degrees of freedom offered by the PBG cells. As will become clearer in Section II, the two-dimensional (2-D) PBG cell incorporated in our design shows unisotropic properties with the lowest order TM-like mode, followed by a stopband, and the first higher order TEM-like mode as frequency increases. The lowest order TM-like mode is bound and begins at dc with a slow-wave factor greater than , where is the relative dielectric constant of the substrate between the high impedance surface and the uniform ground plane. Consequently, the onset frequency of the mode of the EME line is much lower than that of a conventional, uniform microstrip of the same width [11] . This is the first leaky mode exhibiting a fan beam with frequency-scanning characteristics. Such an leaky mode can be excited by an out-of-phase differential signal at the opposite ends of the EME microstrip [16] . The same differential feeds can also excite the first higher order TEM-like mode of the PBG cells at higher frequencies, rendering a dual-frequency scanning leaky-mode antenna with a single fan beam for the first time.
The prototype presented in this paper, although not optimized to specific frequencies, is aimed at demonstrating the feasibility of using the EME microstrip as a dual-frequency leaky-mode antenna, with similar frequency scanning and fan beam characteristics. Section II reports the dispersion characteristics of the PBG unit cell which are important for designing and understanding the dual-frequency EME leaky-mode antenna. Section III reports the design principle of the EME leaky-mode microstrip antenna and dispersion characteristics at higher orders. An experiment is performed to validate the reported numerical results and to present the attractive features of the EME microstrip. Conclusions are finally made in Section IV.
II. DISPERSION DIAGRAM OF UNBOUNDED 2-D PBG CELLS
The geometry and characteristic dimensions of the recently developed PBG cell, latticed on the strip line of the EME microstrip shown in Fig. 1(a) , are sketched in Fig. 1(b) . The unisotropic PBG cell has coupled spiral coils on both sides of a printed RO4003 substrate of thickness ( ) 0.203 mm and relative permittivity ( ) 3.38, and connected by the center metal via through this thin substrate. In the design presented here, the unit cell is 2.134-mm wide ( or ) in both the and directions. The PBG cells are connected to adjacent cells on the top layer. More detailed information about the PBG unit cell is available in the caption of Fig. 1 .
To investigate the propagation and stopband characteristics of the PBG cells incorporated in the EME microstrip, the theoretical dispersion diagram of the unbounded 2-D PBG periodical structure with unit cell shown in Fig. 1(b) is obtained by invoking the finite-element method [8] . Fig. 2 shows the dispersion diagram tracing along three sides of the irreducible Brillouin zone (BZ) triangle, as indicated in the inset of Fig. 2 . The straight solid line and dashed line, referred to as the air-filled TEM line and the dielectric-filled TEM line, respectively, represent TEM wave propagations in free space and in a dielectric material of relative permittivity of 3.38, respectively. The first mode in dotted symbols deviates from the dashed line up to a certain frequency and then becomes relatively flat. Fig. 3 (a) and (b) plots the electric field and magnetic field of the X point of the BZ (see Fig. 2 ) below the top metal coils at mm, respectively, showing that the first mode is predominantly a TM mode. The electric field of the first mode has strong components along the longitudinal direction of the wave propagation and localized at the edge of the PBG unit cells in the direction; the magnetic field has a major component transverse to the propagation direction. Notice that the axis of the PBG cell coincides with the longitudinal direction of EME microstrip as seen in Fig. 1(a) and (b) . The second mode begins at 12.4 GHz and crosses the air-filled TEM line at 12.9 GHz. Between 12.4-12.9 GHz, the second mode leaks in the forward direction with an angle from broadside to horizon as frequency increases. Fig. 4(a) and (b) plots the electric and magnetic fields of the X point of the BZ at mm, indicating that the second mode is predominantly a TEM mode, since both electric and magnetic fields are predominantly perpendicular to the direction of wave propagation. The second mode has strong electric field components in the direction and magnetic field components mainly along the direction. The TEM mode, after crossing the air-filled TEM line and before entering the dielectric-filled TEM line, becomes leaky in the surface. When the frequency is higher than 16.3 GHz, the TEM surface leaky wave becomes a bound mode and reaches the second stopband near 21.4 GHz. A complete bandgap exists between the first and second modes, which spans the frequency range from 8.8 to 12.4 GHz, and a second narrower stopband could be observed between the second and third modes, centered at 22.5 GHz and spanning from 21.4 to 23.6 GHz.
III. DUAL-FREQUENCY EME LEAKY-MODE ANTENNA
A. Design and Operational Principle
A short EME microstrip prototype with mm ( mm) and mm, with approximately one guided wavelength at 5.25 GHz, is considered. A metal strip with the same width ( mm), but 0.5-mm long ( mm) is added to each end of the EME microstrip to facilitate the connection to the feeding structure. The small uniform microstrip feed line, at one of the four corners of Fig. 1(a) , is 1.6-mm wide ( mm) and 0.5-mm long ( mm) and acts as a 50-microstrip on the combined substrates.
A conventional microstrip leaky line is fed with an out-ofphase differential signal, and the first higher order leaky mode is appropriately excited. The differential feed is also applied to the EME microstrip, similarly. Proper widths ( , , and ) of the electric surfaces and MSs can be selected to obtain the required propagation constants and the useful operating frequencies of the leaky-mode antenna. A special EME microstrip, referred to as an MS microstrip, filled with PBG cells on the strip of the EME microstrip ( mm) is applied in our work. The width of the EME microstrip incorporated in the prototype is 47.5% less than that of a uniform microstrip leaky-wave antenna, which is 16.256 mm at the same 5.45-GHz onset frequency [11] . Below 5.45 GHz, the onset frequency of the mode of the EME microstrip, the first leaky mode is excited and the EME microstrip antenna can radiate with a single frequency-scanning fan beam, like a conventional microstrip leaky-wave antenna [11] .
Increasing the operating frequency to around 12.4 GHz (the upper corner of the first complete stopband of the PBG MS shown in Fig. 2 ) excites the TEM mode of the PBG cell without changing the feeding structure of the EME microstrip. The TEM mode of the PBG MS induces the second leaky mode of the EME microstrip and radiates in the forward direction between 12.4-12.9 GHz (see Fig. 2 ). As will become clearer in the following descriptions, the current distribution of the second leaky mode of the EME microstrip resembles the current distribution of the conventional microstrip leaky-wave antenna. In contrast to the second or third higher order leaky modes of the uniform microstrip with multiple beams, the second leaky mode of the EME microstrip radiates with a single fan beam. Thus, a dual-frequency EME microstrip antenna can be designed with frequency-scanning and single fan beam properties.
Notice that the number of PBG cells in the transverse direction of the EME microstrip should be large enough to apply the BZ dispersion data, which assumes that the PBG MS is infinite. In the EME prototype of Fig. 1 , four cells will be shown to be adequate to emit the second leaky mode near 12.4 GHz.
Theoretical scattering analyses of the short EME microstrip are first conducted using differential excitations. Fig. 5 presents the theoretical results obtained by a commercial full-wave integral equation solver IE3D. The radiation efficiency of the EME microstrip can be estimated by the expression for the relative power absorbed (RPA), which is [17] . The value of the relative power absorbed (RPA) represents the total power losses of the electromagnetic device under investigation.
The losses may include radiation loss, metal loss, dielectric loss, and surface-wave loss. Notably, neither the conductor loss nor the dielectric loss are separated from the leakage power in the RPA calculation. Additionally, the losses and the leakage power are much weaker than those of the experimental EME microstrip antenna, because the RPA calculation considers the EME microstrip prototype with only one guided wavelength. The RPA value is an approximate measure of the antenna radiation efficiency and provides an additional viewpoint to investigate the properties of the EME microstrip. Between 8.1-11.9 GHz, the reflection coefficient is almost unity and the RPA value is less than 10%, forming a stopband. The stopband closely correlates to the first complete forbidden band of the dispersion diagram from 8.8 to 12.4 GHz. The RPA results show that three peak regions have RPA values greater than 30%, wherein much energy is lost. The frequency of the first peak of the RPA value is approximately 5.35 GHz, consistent with the design of the EME microstrip antenna with the 5.45-GHz onset frequency [11] . The PBG structure could reduce the significant crosstalk or transmission in the stopband, but a considerable amount of coupling or crosstalk is consistently presented in the passband, especially at the corner of the stopband. The second peak of the RPA value, at around 8 GHz, is near the lower corner of the stopband of the EME microstrip, and energy vanishes due to the surface wave loss [18] . The third peak region appears between 12.1-13.1 GHz, very close to the TEM leaky wave region of the dispersion diagram of Fig. 2 .
Closely examining the current distributions on the ground plane at mm provides valuable physical information concerning the behavior of the EME microstrip at higher orders, such as the dispersion characteristics of the modes. Fig. 6(a) shows the current distributions on the ground plane of the EME microstrip excited differential at the left-hand side while the right-hand side port is terminated by a 50-load at 5.25 GHz. The current vectors are primarily transverse to the direction of the waves that propagate along the EME microstrip. Fig. 6(b) plots the current distribution on the ground plane of the EME microstrip line at 12.35 GHz. In both leaky regions, the currents vectors on the ground plane of the EME microstrip are primarily transverse to the direction of the waves that propagate along the EME microstrip.
B. Dispersion Characteristics of EME Microstrip at Higher Orders
The excited surface currents at the ground plane ( mm) of the EME microstrip record the information of the space harmonics [19] - [21] . The excited electromagnetic wave components that propagate on the EME microstrip are the superposition of space harmonics due to the presence of a periodic PBG. The space harmonic component is denoted by its complex propagation constant ( ), which represents a traveling-wave component of the th higher order space component associated with the microstrip mode: the superscript ( ) signifies the forward-(backward-) traveling-wave components. In the matrix-pencil method [22] , [23] , a number of significant decimal digits provides a sanity check during the noise-eliminating process. Four significant digits applied in our analyses of the particular EME microstrip indicate that the am- plitudes of the higher order space harmonics ( ) are approximately less than 1% of the amplitude of the dominant space harmonic ( ), both in the forward and the backward directions. Therefore, a forward traveling wave, represented by the complex propagation constant , and a backward traveling wave, denoted by , are the two major wave components between 4 -14 GHz. Both and have the same magnitude, but opposite signs. Outside this frequency range, only the forward traveling wave contributes markedly to the total field because of the high attenuation constant. Fig. 7 presents the normalized propagation constant of the forward traveling-wave component for the EME microstrip. The solid line represents the normalized phase constant and the dashed line represents the normalized attenuation constant. Below the first onset frequency at 5.45 GHz, the first higher order mode leaks, and its attenuation constant increases with a decreasing frequency. Therefore, the EME microstrip radiates between 5.05-5.45 GHz, as shown in Fig. 5 . The second leaky region could be observed between approximately 12.0-13.0 GHz, which closely correlates to the leaky-wave region of the second TEM mode of the PBG MS of Fig. 2 and the peaked RPA region of Fig. 5 . Above 5.45 GHz, the normalized phase constant is in excess of unity, as frequency is increased toward 8.0 GHz. If the frequency is increased further over 8 GHz, then the propagation constant becomes complex again, with a decreasing normalized phase constant and changing normalized attenuation constant between 8-12 GHz, until the curve again enters a leaky region, wherein a fast wave propagates with a complex propagation constant. However, the leaky mode is not easily excited in this region because of high normalized attenuation constant ( ). These findings closely correspond to the scattering analyses shown in Fig. 5 .
Next, the finite-element HFSS is applied to confirm the theoretical results obtained by the matrix-pencil technique. The EME microstrip prototype, used in the finite-element method simulation, has four cells in the transverse direction and one cell in the longitudinal direction with the linked boundary condition (LBC) at the cell sidewalls to simulate periodicity. An open boundary transverse to the propagation direction can be modeled accurately by perfectly matched layers (PMLs). The normalized phase constants are given only in the radiation regions. Fig. 7 shows that excellent agreement is achieved for data obtained by the matrix-pencil and finite-element methods.
The inset of Fig. 7 exhibits the correlation between the numbers of the PBG cells, transverse to the longitudinal direction that waves propagate, and the position of the second radiation region. The solid lines with triangles, squares, and circles represent the normalized phase constants of the EME microstrip containing five PBG cells, six PBG cells, and seven PBG cells transverse to the propagation in the second radiation region. The inset shows that various curves are nearly the same in the leaky region of interest, although the EME microstrip with transverse cells greater than four is wider than the prototype. The EME microstrip with four cells along the transverse direction can exhibit the modal behavior of the infinite-periodic 2-D PBG array, shown in Fig. 2 . Fig. 8(a) presents the transverse and longitudinal modal currents obtained by the matrix-pencil method at 5.25 GHz. Currents are normalized to a maximum of unity. The central plane of the signal line latticed by the PBG cells is at mm and the width mm. Real and imaginary parts of the longitudinal current ( ) are odd-symmetric and have null values on the central -plane. Real and imaginary parts of the transverse current ( ) are even-symmetric and have maximum values on the central plane. Fig. 8(b) illustrates the transverse and longitudinal modal currents on the ground plane of the EME microstrip at 12.35 GHz. Currents are normalized to a maximum of unity. Real and imaginary parts of the longitudinal current ( ) are odd-symmetric and real and imaginary parts of the transverse current ( ) are even-symmetric. In both leaky regions, the longitudinal currents ( ) are odd-symmetric and the transverse currents ( ) are even-symmetric. The current vectors on the ground plane of the EME microstrip antenna are primarily transverse to the direction of the waves that propagate along the EME microstrip, consistent with the first higher order leaky mode of the uniform microstrip. Therefore, the leaky-wave characteristics of the EME microstrip antenna at both bands are similar to those of a uniform microstrip at a higher order mode.
C. Measurements
A dual-frequency EME microstrip leaky-mode antenna is fabricated and tested based on the theoretical analyses outlined in the previous subsection. The experimental antenna is fed asymmetrically with a 50-microstrip 1.6-mm wide ( mm) and 0.5-mm long ( mm). The antenna has the same dimensions as that in Fig. 1(a) with a length of 256 mm ( mm) and a width of 8.536 mm ( mm). The length of the EME microstrip is 4.5 (free-space wavelength at 5.25 GHz) and exceeds the required 3.9 if more than 90% of the electromagnetic energy leaks [24] . Fig. 9 displays a photograph of the dual-frequency EME microstrip leaky-mode antenna, showing a typical asymmetric feed reported by Menzel [25] . The asymmetric feed for Fig. 9 . Photograph of the dual-frequency EME microstrip leaky-mode antenna. Fig. 10 . Theoretical and measured far-field H-plane radiation patterns of the asymmetrically-fed EME microstrip leaky-mode antenna at 5.25 GHz.
presents the tilt angle of the main beam from the broadside direction.
an exciting leaky microstrip mode has been a well-known technique.
The -plane (the --plane) radiation pattern measurement is obtained in an anechoic chamber. The two radiation bands, from 5.05 to 5.45 GHz and from 11.95 to 13.0 GHz, are observed. Outside the space-wave leaky region, the radiation pattern contains several lobes and nulls. The far-field theoretical radiation pattern is obtained by invoking the full-wave integral equation solver IE3D. Fig. 10 shows that the theoretical and measured co-polarization far-field patterns along the -plane agree closely at 5.25 GHz. The difference between the two main beam angles is under 1.5 and the measured beamwidth is slightly greater than the theoretical prediction. Fig. 11(a) and (b) depict the far-field radiation patterns of the EME microstrip antenna at two radiation regions. In the first radiation band, the tilt angle of the main beam increases from 26 to 56 , as the operating frequency increases from 5.15 to 5.35 GHz. The tilt angle increases from 25 to 63 in the second radiation band as the frequency increases from 12.15 to 12.75 GHz. The frequency-scanning properties of the EME microstrip antenna are similar to those of the uniform microstrip leaky-wave antenna. Additionally, radiation beam with the same tilt angle can be obtained in two radiation regions; for example, the radiation angles are approximately 39 at both 5.25 and 12.35 GHz. The measured 3-dB beamwidth is 19 at 5.25 GHz, which is slightly greater than 14.5 at 12.35 GHz. The normalized phase constant of the higher order mode is related to the angle of the leakage by , where is the free-space wavenumber and the main beam angle is measured from the broadside direction ( axis) [26] . The measured value of the main beam angle at two radiation regions are converted to the normalized phase constants ( ) which are superimposed on the normalized phase constant curve in Fig. 7 , demonstrating the excellent agreement of normalized phase constants obtained by two theoretical methods and measurement.
IV. CONCLUSION
Substituting the PBG structure for a uniform metal strip of a conventional microstrip adds more degrees of freedom to the design of new guided-wave structure such as the so-called EME microstrip. Mingling the modal properties of the first (TM) mode and the second (TEM) mode of the PBG MS to the EME microstrip, the leaky properties of the conventional, uniform microstrip are greatly transformed, resulting in dual-band leaky modes, which in many aspects resemble the leaky mode of a conventional microstrip. Both theoretical analyses and experimental results show excellent agreement for the dispersion curve of the EME microstrip, confirming the dual-frequency operation of two leaky -like modes of the EME microstrip.
